The sol-gel technique offers a low temperature method for synthesizing amorphous inorganic solids which con tain trapped organic molecules with deliberately chos en optical properties.
The poor thermal stability of or ganic molecules has precluded their incorporation in traditional oxide host materials because of the elevat ed processing temperatures involved with these materi als. Using the sol-gel approach, a wide variety of organ ic molecules have been incorporated in sol-gel matrices and demonstrated that they retain their specific optical properties in the sol-gel environment. Thus, it has been possible to use the sol-gel method to prepare photonic materials which are luminescent or photochromic, which possess nonlinear optical properties or which ex hibit laser action. This paper reviews the two principal areas where sol-gel methods are used to produce organ ic-doped photonic materials.
One area of activity in volves the utilization of the organic dopants as lumines cent probes of the sol-gel process.
Examples of matrix rigidity and solvent chemistry changes are shown. The second area concerns the synthesis of new photonic materials whose optical properties are induced by the addition of specific dopants.
Significant results involv ing tunable solid-state lasers, nonlinear optical proper ties and photochromic materials are presented.
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1.
General aspects of luminescent sol-gel glasses HE synthesis of glassy materials from gels has generated considerable interest in recent years.1) The sol-gel process for making oxide glasses generally involves the use of metal alkoxides which undergo hydrolysis and condensation/polymeriza tion reactions to give gels.2)-5) The process can or dinarily be divided into the following steps; forming a solution, gelation, drying and densification. The sol-gel method possesses a number of desirable characteristics. It enables one to prepare glasses at far lower temperatures than is possible by using con ventional melting. In addition, it is a high purity process which leads to excellent homogeneity. Final ly, the sol-gel approach is adaptable to producing bulk pieces as well as films and fibers. During the mid-1980's several researchers recog nized the potential for using the sol-gel process to in corporate organic molecules in an oxide matrix.6)-10) That research represented the first step in the emer gence of organic-doped gels as a novel approach for synthesizing photonic materials. Subsequently, research in this area has grown dramatically and today there are numerous examples of sol-gel materi als which are luminescent, photochromic, possess nonlinear optical properties or exhibit laser action.
Luminescence has played a major role in the de velopment of photonic sol-gel materials. The fact that the luminescence spectra for rhodamine 6G in silica sol-gels was changed only slightly from that of an alcohol solution6) was the first indication that or ganic molecules were able to retain their spectroscop ic properties in the gel host. The luminescent behav ior thus indicated that the gel environment was con ducive for producing optical properties as deter mined by the excited state of the organic dopant. This feature is of direct importance for lasers, lu minescent probes and nonlinear processes. In this section, we briefly review the materials systems, opti cal properties and chemical considerations for lu minescent sol-gel materials.
There are two central features which have con tributed to the development of luminescent sol-gels. First, there is the low processing temperatures in volved in sol-gel synthesis. The ability to prepare an essentially inorganic oxide matrix with little or no heating means that the sol-gel process is thermally compatible with a wide variety of organic molecules. In contrast, the poor thermal stability of organic molecules precludes their incorporation in tradition al oxide matrices. The second important feature is the ability to find solvents which are compatible with both the organic molecule and the sol-gel precursor. Although alcohol solutions are most frequently used, other solvents including NMP (N-methyl pyrrolidi none), DMF (dimethyl formamide) and THE (tetra hydrofuran) have widened the realm of organic molecules which can be incorporated in the gel matrix. Another consideration is the acid-base equilibria of the molecule. The pH of gels can vary substantially depending upon the type of matrix, the solvent and catalyst employed. As discussed below, the luminescent properties of certain dye molecules are sensitive to synthetic conditions primarily be cause of pH.
The initial work on luminescent sol-gels empha sized the incorporation of laser dyes. Rhodamines, coumarins, oxazines and other well known dye molecules were investigated in a variety of hosts in cluding SiO2, SiO2-TiO2, Al2O3 and composite sol gels.6)-10) In most cases, the organic molecule was dissolved either in the sol directly or in the same sol vent as that used in the sol. In the composite sol-gels, the dye was dissolved in a monomer (e.g., methyl methacrylate) which was then impregnated in a porous silica gel and polymerized in-situ.9) In addi tion to laser dyes, a large number of other lumines cent organic molecules were also incorporated in sol gel matrices. Several of these molecules (e.g., pyra nine, pyrene) have been used as luminescent probes of the sol-gel process and are discussed in Part 2.
The initial work on luminescent sol-gels estab lished the feasibility of using sol-gel methods to produce organic-doped photonic materials. The lu minescence of these materials extends throughout the visible. Since the initial work, several new de velopments have occurred. Most notable has been the use of other oxide matrices including titanium and zirconium oxides,11 phosphate gels12) and organ ically modified oxides.13), 14) In addition to several other organic and organometallic molecules being in corporated, metal clusters of Mo6Cl12 have also been used to prepare luminescent gels. 15) The work on luminescent gels has shown that these materials can possess a number of interesting spectroscopic features. Perhaps the most outstand ing characteristic (discussed in Part 2) is the sen sitivity of luminescent molecules to their environ ment. This feature has enabled the organic-doped gels to serve as luminescent probes of sol-gel chemis try and structure. Related to this has been the role of synthesis conditions in determining luminescent properties. Coumarin 4 exists in a variety of forms (cationic, zwitterionic, neutral, anionic), each of which exhibits specific emission bands. Experiments with silica gels doped with coumarin 4 have shown that the pH during sol synthesis determines the dominant luminescent form in the dried gel.16) The results indicate that the pH of the sol determines the nature of the surface charges on pore walls which, in turn, determines the protonation of the coumarin dopant. Rhodamine B is also sensitive to acid-base equilibria, primarily through its carboxylic function. In this case, highly acidic conditions produce a lacton ic form of rhodamine B which is colorless.17) Another consideration with rhodamine dyes is dimer forma tion. There is evidence in silica gels that dimer forma tion is reduced and that dye molecules can be well isolated from interactions with neighboring molecules.6) Recent work indicates that dimerization of rhodamines is also suppressed in titanium oxide gels.11)
An area which is likely to receive increased atten tion in the future is that of energy transfer. Sol-gel materials provide an opportunity to investigate dye dye energy transfer as well as dye-ion energy trans fer. In the latter case, the broad-band absorption of the dye should be particularly beneficial for efficient energy transfer. Early work by Avnir et al. indicated that dye-dye energy transfer was possible.7) More re cently, Genet and co-workers have demonstrated energy transfer in ThPO4 gels using an organic dye (coumarin 460) as the sensitizer and inorganic ions Eu3+ and Tb3+ as activators.12),18) It is not known if the process was radiative or non-radiative. In other related work, the presence of silver aggregates in the gel caused interaction to occur between rhodamine 6G and the silver aggregates and gave rise to in creased absorption and emission from the dye. 19) A fundamental part of characterizing the behavior of luminescent materials is to consider the inherent properties of the host. Silicate and aluminosilicate gels and xerogels are intrinsically luminescent, i.e., they luminesce in the blue region of the spectrum when irradiated with UV light even in the absence of a dopant molecule. This intrinsic luminescence must be taken into account when designing new photonic materials because it may obscure a desired property and/or because it may be mistaken for an induced op tical property.
A representative spectrum, that of the intrinsic lu minescence taken from a SiO2 xerogel prepared from Si(OC2H5)4 and excited at 350nm, is shown in Fig. 1 . The peak maximum occurs at 445nm (22500 cm-1) and the peak has a full width at half height of 95nm (4550cm-1). The lifetime of the lumines cence is on the order of 50ns. The intrinsic lumines cence spectrum may vary slightly from sample to sample depending on the synthesis and processing conditions, but it always occurs in the blue region of the spectrum. This spectrum is similar to that ob served from quartz and may be related to the E' defect center. The most intense intrinsic luminescence occurs from xerogels. Sols do not luminesce at room temper ature. The luminescence is first observed at the gel stage and the intensity increases as gelation and ag ing proceed. The intensity also increases as a func tion of decreasing temperature.
Aluminosilicate gels and xerogels also exhibit in trinsic luminescence although the intensity from these materials is significantly less than that from sili cates. The spectrum is very similar to that shown in Fig. 1 , and the luminescence also increases with decreasing temperatuure.
Characterization of the gelation process
The feasibility of using the sol-gel method to produce organic-doped glasses has led to two direc tions of study: use of dopant molecules as probes of the sol-gel process, and development of specific opti cal properties. In the following section we present the use of organic molecules as luminescent probes of the changes which occur during the processing route. In all of these studies, the spectroscopic response of the molecules to the desired environmen tal property (e.g., both structural and chemical) is first characterized and interpreted under controlled chemical and physical conditions. This information provides the basis for interpreting the spectroscopic response of the probe molecules in the sol-gel en vironment. Of the three probes discussed below, the results obtained with rigidochromism are empha Exactly the same procedure is followed for the preparation of silica sonogels containing the rigidochromic probe. However, the TEOS system doped with ReCl(CO)3 bipy exhibits a very different behavior. From the initial liquid state to almost the end of drying, the emission maximum remains fixed at about 600nm. A blue shift only occurs with the final removal of the alcohol.
ReCl(CO)3 bipy as a probe of gel rigidity The evolution of the ReCl(CO)3 bipy lumines cence shown in Fig. 3 can be separated into three dis tinct parts, each of them related to a specific sequen tial step of the sol gel transformation: gelation, ag ing, and drying. First, during the gelation stage, the most drastic chemical and physical changes occur. The initial sol, which is completely fluid, is trans formed into a solid and brittle material. After the ad dition of water, small particles on the order of 10-20 A in diameter are rapidly formed as a consequence of the hydrolysis of the Al-OR groups to Al-OH and the condensation of the Al-OH groups into -Al-O Al polymers. After this step, a slow aggregation process takes place which forms inorganic clusters of increasing size. These clusters have been charac terized and have a ramified and open structure. When a critical cluster size is reached the viscosity of the sols sharply increases and the solution becomes rigid.22) Interestingly, the ReCl(CO)3 bipy probe molecule is insensitive to these changes and the emission peak maximum remains constant at 590nm. This observation indicates that although the gel is macroscopically solid, the rigidochromic molec ules are unconstrained in a solvent-like environment. The solvent phase at the gel point consists of propanol, water (i.e., the water not used for hydroly sis or released by condensation reactions) and the ad ditional ethanol and butanol produced by the hydroly sis of the alkoxy groups. This phase constitutes the largest volume fraction of the gel. The solid-phase oxide network which causes the observed macroscop ic rigidity only represents a few percent of the total gel volume. At this stage, the mobility of the ReCl(CO)3 bipy molecules is not constrained by the gel structure. Subsequently, the luminescence is the same as in the liquid sol.
The second step of the process, the aging period, takes place in a sealed vessel. Although the gel is kept in a closed container and no evaporation of the organic molecules occurs, the luminescence maxi mum continuously blue shifts. At the end of the ag ing period, the emission maximum stabilizes at 560 nm, intermediate between the value observed in a completely fluid medium, 600nm, and that in a com pletely solid medium, 525nm. The blue shift during this period is caused by partial rigidification of the gel on the molecular level. It indicates that the ReCl(CO)3 bipy probe molecules are sensitive to structural changes in the aluminosilicate gel. The rigidochromic probe is not simply surrounded by the interstitial liquid phase as it was during the gelation stage, but now it becomes somewhat entrapped in the oxide polymer network. At the gel point, the gel network is a very ramified and open structure which does not restrict the mobility of the rigidochromic molecules. The evolution of the fluorescence during the aging period shows that the motion of ReCl(CO)3 bipy molecules is progressively restrict ed. These results indicate that large modifications in the local gel structure occur during the aging period which increase the rigidity of the oxide skeleton. These structural modifications are in agreement with the reported chemical changes in the surface of the oxide network of the aluminosilicate probed by the luminescence of pyranine.23) Condensation reac tions between Al-OH groups are probably responsi ble for the local evolution of the polymers which leads to a more compact network and increases the gel rigidity during the aging process. One macroscop ically observable property which is indicative of these changes is the gel hardness, which increases by a factor of five during the same period of time. 24) The third stage of the process, which is related to the final changes of the emission of ReCl(CO)3 bipy, is the drying of the gel. When the solvents are re moved, the gel structure collapses and the gel shrinks continuously. The final volume is about one eighth of that of the aged gel. As indicated by the blue shift of the emission of ReCl(CO)3 bipy, this step is accompanied by a progressive and eventually complete rigidification of the matrix. The final emis sion wavelength is the same as that in frozen ethanol solution. Both the increase in surface energy due to modification of the interface between the oxide poly mer and the liquid and the capillary forces of the sol vents provide the driving force for this partial den sification. New condensation reactions occur be cause some reactive groups are in closer proximity. As a result, the oxide network becomes more compact. Its flexibility drastically decreases with the departure of the solvating species. The ReCl(CO)3 bipy molecules, which were previously entrapped in the network, are now completely im mobilized by this collapsing structure. Moreover, the probe molecules can not be leached from the gel. It is usually during the drying process that gels de velop cracks because of the increasing rigidity and by the capillary force-induced strains that can not be released by changes in the gel shape and morpholo gy.
Behavior of TEOS gels The rigidochromic probe molecule was also used to study the gelation, aging and drying of the TEOS system. The probe showed quite different behavior compared to that in the aluminosilicate system. The wavelength of the emission maximum remains con stant at 590nm from the initial liquid state through the gelation process to almost the end of the drying. The blue shift indicative of rigidity occurred only with the final removal of the organic molecules. This contrasting behavior of the silica sonogel indicates that there are significant structural differences be tween the two kinds of investigated systems and that ReCl(CO)3 bipy is a sensitive probe of this differ ence. In the silica sonogels, the constancy of the emission at 590nm indicates that the probe molec ules are in a non-rigid environment during gelation, aging and a major period of the drying. The fact that this behavior is different from that of aluminosilicate gels is not surprising. Indeed, the chemistry of the precursors, the mechanisms of polymerization and, therefore, the structure of the gels are different.25) Moreover, the characteristics of the pore walls in cluding polarity and electric charge are expected to be substantially different. This may change the inter actions of the dye with the oxide network and conse quently its position inside the gel structure. In the TEOS derived gel, the blue shift only occurs with the final loss of solvents, suggesting that during gelation and aging the probe molecules are confined in the in terstitial liquid phase and are not incorporated into the silica polymer network. The adsorption of the ac tive dyes on the surface of a pore once the water and ethanol are almost completely evaporated may ac count for the evolution of the ReCl(CO)3 bipy fluorescence towards the characteristic blue shift of the rigidified state. In the TEOS system, it is impossi ble to exactly follow the final shift of the maximum on the emission spectrum of ReCl(CO)3 bipy incorpo rated into the rigid system because of the overlap of the luminescence peak with an intense peak from the intrinsic emission of the gel. It is clear, however, that the peak has shifted to about 530nm, indicative of a rigid system.
Pyranine as a probe of chemical changes23)
A second important aspect of the gelation process which has been studied by using molecular probes is the chemical change which occurs during the poly merization reactions. Of particular interest to us were the changes in the water/alcohol ratio during gelation. As the hydrolysis reaction occurs, alcohol is continuously being produced and the ratio of the amount of water to the amount of alcohol should con tinuously decrease. It is desirable to probe these changes on the molecular level. The fluorescence spectrum of pyranine, 8-hydroxy 1, 3, 6-trisulfonat ed pyrene, is sensitive to proton-transfer phenomena.26) The molecule can be encapsulated in gel-glasses and retain its fluorescence properties in the materials. As discussed below, the fluorescence spectrum is sensitive to the proton acceptor ability of the medium surrounding the molecule and can be used to monitor changes in the water/alcohol ratio.
The spectroscopy of pyranine was studied in con trol solutions consisting of water/propanol mixtures. The protonated form of the molecule emits in the blue region of the spectrum at 430nm whereas the deprotonated form emits in the green at 515nm. The relative intensities of the blue and green emis sion bands depend on the surrounding medium. Emission spectra of pyranine in test solutions are shown in Fig. 4 . In water rich environments the green emission band dominates because water acts (Journal of The Ceramic Society of Japan)
The Centennial Memorial Issue 99 [10] 1991 883 as a proton acceptor. In propanol rich environments, the blue band is dominant because the pyranine remains protonated.
The ratio of the intensities, called "F" in our work, is defined as the intensity of the blue peak divided by that of the green peak. A more rigorous determination of F, which involves normalizing the two spectra and subtracting the pure green emission curve, did not lead to significant differences from that of the simple ratio. Chemical and physical changes which occur dur ing the sol-gel-xerogel transitions have been studied by using pyrene as a photophysical probe.28) The lu minescence spectrum of this molecule exhibits vibronic structure. The ratio of the intensities of the first to fifth peaks in the spectrum (I1/I5) is sensitive to the polarity of the environment. The ratio in creases with increase in polarity. In addition, pyrene forms excimers, i.e., complexes between one pyrene in its lowest excited state and a second pyrene in its ground state. The intensity of the excimer emission increases with increase in the concentration of the molecule and with trapping in small pores. Both of these changes facilitate the intermolecular complexa tion.
Changes in the emission spectra of pyrene and of the excimer of pyrene were followed as a function of gelation time. The following conclusions were reached. On a molecular scale, geometric complexity and irregularity start to build up mainly after the ge lation point. Two general patterns of behavior were observed depending on the water to silane ratio. At low ratios, geometric irregularity and porosity build up gradually along the whole process, resulting first in an increase in pyrene emission intensity as aggre gation became more pronounced, followed by a decrease in intensity as pyrene molecules became iso lated. At high water to silane ratios, a smooth sur face was formed. These results suggested that poly merization-gelation occurs at low water to silane ra tios whereas formation of a colloid followed by its ge lation occurs at high water to silane ratios. Ethoxy groups slow down the polymerization in comparison with methoxy groups, but the reaction rates coincide once all of the alkoxy groups are hydrolyzed. The py rene excimer disappears at the final xerogel state, proving that the sol-gel process is an effective method for isolating organic molecules. The changes in the polarity of the pyrene environment along the sol-gel process, as reflected by the I1/I5 ratio, are due to pyrene aggregation and not due to the support it self.
The fluorescence of pyrene probe molecules has also been used to follow the formation of micelles in sol-gel glasses.29) The vibronic structure intensity ra tio was different in the sol, gel and xerogel stages. When the concentration of sodium dodecyl sulfate, the micelle former, was high, the ratio had values similar to those of solutions of micelles. This result suggested that micelles are trapped in the sol-gel glasses.
New optical materials
The synthesis of new photonic materials is the se cond of the two directions stimulated by the ability of the sol-gel method to incorporate organics. In this case, we induce the optical properties of the gel based upon the deliberately chosen dopant. For ex ample, when the desired photonic material is to be a new solid state gain medium, laser dyes of the desired wavelength region are added. Other exam ples include the addition of soluble organic polymers and molecules to cause nonlinear optical effects, indi cator molecules to produce optically-based chemical sensors and photochromic molecules to produce opti cal memory and switching. In the following section we review progress in these areas with particular em phasis on recent results from our laboratories.
3.1 Sol-gel lasers There has long been an interest in fabricating solid state gain media containing organic laser dyes. Or ganic laser dyes possess several advantages over their inorganic counterparts. Their cross-sections for absorption and emission are orders of magnitude greater than lanthanide or transition metal ions and they exhibit lower threshold powers for laser action. Their gain characteristics and tunability in the visi ble spectrum are also quite attractive for device appli cations. Despite the advantages offered by solid state gain media, attempts to incorporate organic dye materials in polymeric hosts have met with limit ed success. For example, rhodamine 6G (R6G) incor porated in a mixture of methyl methacrylate and (poly) methyl methacrylate (PMMA) was reported to have a laser efficiency of 36%, but lacked photostability.30) In general, polymeric hosts have not exhibited the necessary thermal and mechanical properties, photostability or refractive index unifor mity to become successful laser hosts. In contrast, in organic glasses offer superior optical, thermal and chemical properties. The problem here is that the or ganic dyes cannot withstand the thermal conditions posed by the processing temperatures of convention al glasses.
The sol-gel technique offers a low temperature method for synthesizing amorphous materials which are essentially inorganic. The initial work on prepar ing dye-doped sol-gel glasses strongly suggested that solid-state tunable lasers based on sol-gel matrices were feasible. Both the alkoxide precursors and the common laser dye families (coumarins, xanthenes, oxazines) are soluble in the same solvents ensuring that the dyes could be incorporated in the matrix without undesirable aggregation effects. A particu larly attractive feature of these materials is that by providing the dye with an inorganic environment, in creased photostability is possible.
Research activities during the past three years (Journal of The Ceramic Society of Japan)
The Centennial Memorial Issue 99 [10] Optical gain measurements have been reported for aged silica gels (wet gels) and for (solid) ORMOSIL samples.14),16) Spectral gain envelopes for coumarin 153 in aged silica gels and in an ethanol reference so lution are shown in Fig. 6 . The gel which was aged for one day is quite similar to that of the ethanol reference. After eleven days of aging, however, the spectrum has changed significantly.
A sizeable 19 nm red shift has occurred in the peak of the gain curve. The red shift is consistent with what is expect ed from the local chemical changes which are known to occur during the aging of silica gels. During the ag ing process, condensation of the hydrolyzed species produces additional water which enters the solvent phase. Jones et al. have shown that coumarin dyes in ethanol-water solutions are red shifted substantially from those of pure ethanol.40) It is important to note that aging has caused very little reduction in the peak gain and thus it is possible to obtain high values of optical gain in a well aged gel material. A similar series of measurements have been performed with rhodamine doped silica gels. The optical gain charac teristics are similar, although the susceptibility of R6G to dimerization effectively reduces the gain values during the aging process. Table  1 summarizes the matrix effects for SRB and R6G.
Other results with ORMOSILs demonstrate that laser emission spectra are definitely affected by the constituent present in the matrix. ORMOSIL gels modified by epoxy-diol exhibit different characteris tics depending upon the presence of methyl methacrylate (MMA) as a copolymer. Figure 7 illus trates that both the emission peak and the oscillation band are influenced by the presence of MMA; the presence of MMA causes a blue shift in the laser peak and produces a substantially wider oscillation band. In contrast to the laser characteristics, the fluorescence emission spectra are unaffected by the presence of MMA. Photostability represents one of the most im portant issues for sol-gel laser materials. Photodegra dation under laser action provides a rigorous assess ment of this behavior. R6G in alumina films exhibit ed a 50% output reduction in laser intensity within 600 pulses when pumped at 1MW/cm2.32) R6G in ASE monoliths pumped at 1mJ/pulse reached the 50% level in 1500 pulses (1Hz repetition rate) and continued to exhibit laser action after 40,000 pulses.36) No specific results were reported for SRB/ silica, however, there was an indication that pho tostability was relatively poor as thermal effects at low pumping rates (10Hz) led to decreased output power.34) In the perylene/composite system, en couraging results were mentioned as there was ap parently no change in laser performance after "sever al thousand" pulses, but no details of these experi (Journal of The Ceramic Society of Japan) Another optical property related to photonic tech nology is photochemical hole burning (PHB). PHB uses a site-selective photoinduced reaction to "burn a hole" in the inhomogeneously broadened absorp tion band of the dopant. The phenomenon has been proposed for high density optical data storage. The work to date has established that PHB can be achieved in organic-doped silica gels. Experiments with 1, 4-dihydroxyano-thraquinone53) and tetraphe nylporphinetetrasulfonic acid54) indicate that the hole burning is photochemical in nature and that the dopants are well dispersed and isolated in the silica matrix.
3.3 Optical chemical sensors The overall requirements for a selective ion or molecular sensor are an indicator molecule that reversibly interacts with a target molecule with a high degree of specificity and that has some detect able property that changes when the target molecule has interacted. Among the most familiar chemical sensors are acid-base pH indicators that change color when the target species (hydronium or hydrox yl ions) interacts with the indicator. Optically based sensors are especially convenient and accurate be cause changes in the absorbance of the medium con taining the sensor can be readily measured or even visually detected. An optical property that is suitable for remote sensing is luminescence. Changes in the wavelength, lifetime and/or intensity of the emitted light can be monitored and measured by imaging or by optical fiber transmission.
Sol-gel glasses are almost ideal host matrices for optical chemical sensors. They have the obvious ad vantages of chemical inertness, mechanical stability and optical transparency. More importantly, they are able to physically encapsulate the indicator molecule in pores in the glass such that these molec ules are immobilized and cannot be leached out, while at the same time they are porous enough to al low transport of solvent and other small molecules or ions into the interior of the glass. The glasses can be fabricated into desired shapes and sizes such as monolithic blocks or thin films for specific applica tions.
Several recent observations revealed the feasibili ty of making sol-gel glass based optical sensors. Dur ing our studies of pyranine as a probe of chemical changes occurring during gelation and drying, we dis covered that the pyranine probe molecule could respond to the surrounding environment.23) Most im portantly, once the samples were dried, we found that they can easily reabsorb water vapor from the air or from liquids. Gas and liquid diffusion into the xerogel was very rapid due to the interconnecting pores which represent approximately half of the gel volume. The emission spectra of the dopedglass esponded to the ambient medium to which (Journal of The Ceramic Society of Japan) In the spectral range examined, 22000cm-1 to 14000cm-1, the spectrum is dominated by a single band growing in at 16950cm-1. At the high energy end of the 16950cm-1 band the tail of the second band can be seen. When the pump beam is unblock ed (Fig. 9a) , the band at 16950cm-1 grows in rapid ly, reaching a maximum absorbance of about 0.2 in about twelve seconds. Upon blocking the pump beam (Fig. 9b ) the band at 16950cm-1 disappears over several seconds to leave the net zero transient absorption seen before the pump beam was unblock ed. The total disappearance of the transient absorp tion band shows that the photochromism is reversi ble in the gel. The reversibility exists in gels 3 months old. The violet color of the transient species results from the higher transmittance in the blue region and a smaller transmittance in the red region.
The rate at which the transient absorbing species is formed and subsequently reverts back to the start ing material was monitored near the maximum of the transient absorption spectrum at 15803cm-1 by us ing a He-Ne laser. In all cases the absorbance at 15803cm-1 was low for the unexcited gels. Upon ex citation with a mercury lamp at wavelengths shorter than 4000A, the absorbance at 15803cm-1 rapidly rises and then levels off as the irradiation continues. When the excitation ceases, the absorption at 15803 cm-1 gradually decreases. A plot of the transmit tance at 15803cm-1 of a PNM-BIPS gel is shown in Fig. 10 . The plot shows the baseline transmittance before the pump (A), the increase in the absorbance when the pump is unblocked (A-B) , and the decrease in the absorbance after the pump is blocked (B-C). The figure shows the results for a 7 day old gel. Fig. 10 .
The absorbance at 15803cm-1 for an ASE gel contain ing PNM-BIPS.
The excitation of the sample began at point A and continued through part B to part C at which time the excitation ceased. The decay of the absorption of the transient follows point C.
A plot of the natural log of the absorbance as a function of time after the excitation ceased (point C) is linear. The exact form of the lnA versus time plot is sensitive to the choice of the baseline. and from the copolymerization of TMOS with poly dimethylsiloxanes under mildly basic conditions retained their activity even at the dry stage. In the case of the former xerogel, normal photochromism, i.e., a change from colorless to colored upon irradia tion, was observed. In the latter case, materials with reversed photochromism (colored to colorless) were obtained. The difference between the normal and the reversed photochromism was explained in terms of the differences in the properties of the pores in which the BIPS molecule is trapped. In the case of the normal photochromism, the pore has an apolar surface composed of Si-CH2CH3 groups which do not stabilize the colored form, whereas in the case of the reversed photochromism, the pore surface con sists of Si-OH groups and is similar to that of SiO2 glasses.
4. Summary and conclusions It is now well established that the sol-gel approach is a powerful means for producing organic-doped photonic materials. By using appropriate precursors and solvents, researchers have demonstrated that a wide variety of organic molecules and polymers can be incorporated in sol-gel matrices. The work to date has, in general, evolved towards two different objec tives. One direction has been to use the organic dopant as a luminescent probe of the sol-gel process. In this role, the probe molecules furnish substantial insight regarding local sol-gel chemistry and struc ture. These probes provide detailed information about gelation and aging at a time in the sol-gel process when traditional solution and solid-state methods are not as useful. Moreover, the ability to do control experiments in solution as a reference point for interpreting the spectroscopic response of the probe molecules in gels provides a sound scien tific basis for this work.
The second direction of research, that of the deliberate doping of organics in sol-gels, is clearly emerging as an important means of developing new photonic materials. It is now evident that dye molec ules, photochromic molecules and even conducting polymers are able to retain their specific optical properties in sol-gel matrices. Within a relatively short period of time many significant results have been achieved in the areas of tunable solid-state lasers, third order susceptibility and photochromic behavior. A new generation of optically-based chemi cal sensors based on the tailoring of gel porosity is likely to be the source of the next dramatic results in this area.
Organic-doped sol-gel glasses offer a unique oppor tunity for photonic materials; that of providing the desired and deliberately chosen response of organic constituents in an essentially inorganic host matrix which possesses superior chemical and thermal stability, optical properties and fabrication capabili ty. The emergence of photonics technology ensures that this remarkable approach for synthesizing solid state optical materials will be the subject of con tinued research and development in the years ahead.
